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KEK B Factory and Belle: 1999-2010

$ - 9 &
KEKB %%
collider ’

cé, ui, dd, {74~ <+ eTe” — T (nS) — B BH)



Integrated luminosity at the B factories

T S S S S S PR
——KEKB ~ ——PEP-I

E
L
L
!
B
!

|
!

o - PR SO | e R M I L T 1 R SR LG R S A 1 S d
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

KEKB instantaneous luminosity: £ = 2.1 x 103 ecm™2%s7}

{On resonance:

6 fb—1

|Off resonance/scan:

155 fb— !



Belle physics output (compiled by Simon Eidelman)

# citations »| 50-99 | 100-199 | 200-299 | 300-399 | 400-499 | >500 | Total

# papers »| 64 37 10 2 - 2 115
N | Title Year | Cites :
1 | X(3872) 2003 | 739 | <7 growing af =100/year :
2 | Large CPV 2001 | 618 :
3 | B— Xsv 2001 | 381
4 | CPin BB 2002 | 326
5 | DO mixing 2007 | 292
6 | Y(3945) 2005 | 290
7| B> T1v 2006 | 277
8 | 2cc 2002 | 272
9 | b sy 2004 | 265 375 papers published
10 |D*(2317), D,;(2460) 2003 | 258 plus —.-.30/year
11 | D** 2004 | 249
12 | Z(4430) 2008 | 235
13 | Dy 2006 | 221
14 | X(3940) in 2cz 2007 | 204 .




Charmonium(-like)
and bottomonium(-like)
states



Mass (GeV/c?)

Heavy-quark onia (qq) are great testbeds for QCD

'
]

30—

11.00!

Ll
Ln

45) or hybrid :
vishjor e | 10.75]

Tl i

o S S S S S S e I S S S .

Charmonium
family

K = b
1 1

Lal2P) %.(2P) =1 1050 |
x{ss?w‘%u' | p

Bottomonium
family

(0,1,2)** (1,2,3)""
1 2




The “Cornell” potential is a useful simple model
for charmonium and bottomonium.

V(r)
8\
63“ )
intercept "~ A
~ 0.1 fm &oP

N

= r

‘E linear “QCD” confinement

1/r “coulombic” behaviour
at short distances

Also: other QCD-inspired models and lattice QCD
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All states below open-charm threshold have been
observed = and match the predictions.

(2S+1)

L) J s, s, °p, ‘P, °P, P, 3D ‘D, °D, D,
A50001 N L [ e e v 1*‘111
C | 1974-1980:
o 4750 B
g J/wa w(QS)a T)c,
® 4500 }f!y(__“ﬁ) . Xc0s Xecls Xe2
(T : ’ ,
= 4250 L] Al—':lf{: B ¢(377O)7 ¢(4O4O>7
| —— (4160)
000 wiw e o - 9(4160), (4415)
Xcz(Zp) S I
3750~ g  —A— Open charm threshold v(3770) B
3500&(23) W(ZS)T_._ - - 2002_nOW
o xc1 —a— he
3250~ Xco . nC(ZS)7 hc7
3000 v =
n.(1S)
2750 | Theory '
2500 I - | 4 1 4 | 1.1 il L l . l 1 [ |




Another cc state above open-charm threshold
has been observed by Belle in B — K (x.17)
... butnotin B — K(xe27)

~18 MeV/bin

PRL 111,032001 (2013)

“Events with M. > 5.27 GeV/c'2

X BT — w(%XclV)[(—F
B o AxanK
3 . new state: ¥z (=1°Dy)

Combinatorial background

TTTTTTTTTTTTTITTTITTTITIOITT ]
RN RERNRRRY LA PERN

RXSEONT o 34 a4 mz»/
RN A s o ?‘”j‘ffﬁ?tﬁﬁ&m 4

6 3.8 4 4.2 4.6

MXcl'V (GeV/cQ)

“"—gi e

M =3823.1+1.8+0.7 MeV/c?

8

15 MeV/bin

772M BB events

(S = 3.80)

... consistent with prediction for 1°Ds



And now for the exotica ...
2003: the X(3872) is found in B — K (J/yn n™)
by Belle; confirmed by CDF, DO, BaBar, LHCb, CMS

PRL 91,262001 (2003)
FE Uk Bhdw Ewi,

—-— ‘ X(3872) n

300 — ) 25
'

w/

20

15

200

100 —

hy . - 0 sy n——r‘fr[ ! L a5 L1 L1
Steve Olsen snags a big one! 0.40 0.60 580 1.00 1.20

M(rmJ /) — M(J /) (GeV)
. and many more v




Exotic states = don’t fit charmonium predictions.

(2s+1)L
J 1S 3S 3P 3P 3P 1P 3D BD 3D 1D 79
0 1 2 1 0 1 3 2 1 2 B 1
“‘0\5000 | l | | I | I | | l | l | ] | ] | I | ]
> 4750 il
E Y(4660)
w4500  wiaars) 6
% ‘ T Y(a320) ‘ | Z'(4430)
= 4250 x@4te0) "V L ST
" R 2
- w(4160) .
4000/, @00y ——— . " S
X(3940) X,(2P) = L | 2 L
3750 X(3872) ‘ e x(3872) ol
N Open charm threshold y(3770)
nc(zs—)\v(zs) L G
3500 A ey g
XC
3250 ’ = Established -
3000:(:8_) Jiy * New States =
e
27501 ' | Theory —
| l | | | l | l | | ‘ | l | l | l | I | l
2500 - A A
o* 1™ 2" 1™ o™ 1" 37 270 17 27 77 JPe



Isospin of X(3872) is O since we don’t see evidence for
isovector partners X*: favors D" D*” molecule over
tetraquark model % o 4@ 4.2 4 7.8 evts

iy
N

-t
|||°||

?
L
L 3
L 4
y

Events /(0.002 GeV )

C LT[ | 6 @ » o0 |0
S Fl el o] e 3| [ _
B O : _I_ Lﬁ 85—3, I L oo‘ ® i ® {I:’ e ||® .. o0
6H ) 4% L ® Ol ®
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2-

8
(o]
i
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M, (GeV) M(J/p ) (GeV)

PRD 84, 052004 (201 1)

- no signal
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Except the X* might be too broad to be seen! So ...
look for the C = -1 neutral partner.

PRL I'11,032001 (2013) B+_>X2/7K+
BT — xavKT s | D

;1 X (C-odd)

o H' T
e ll EM"

3055 3.6 365 37 375 38 385 39 3.95,

for Mbc > 5.27 GeV/C2 XCZV (GeV/CZ)
for Mp. > 5.27 GeV/c?

No evidence for the C = -1 partner of the X(3872) in
X — xeyv or X — J/1n: disfavors tetraquark model.
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LHCDb data favor the 1+* over

the 2=+ hypothesis for the
X(3872) at 8.40 and closes the

door for conventional
charmonium.

/ (2.5 MeV)
N
o
(-

"1000F

800f

600

400F

Number of candidates

200F

|

600 800 1000

1200

1400
M(x'nJd/y) - M(J/y) [MeV]

4
—
X
L

. 1 L L .

e | . LHCb -
- all candidates -
¢ 100} Ll
@ A
m —
O A
O o
C ..........
m - -
! —
“5 -
o b 1
-Q dOb —
- . —a— Data -
- . |
. PC 4+ -
Z o — Simulated J”=1"* b
; o

. P -
[ enenees Simulated J"¢=2 !
Pt e e O 1 ) TV I e S o0
50 e Wpae el gl weaae  senmeh [UES e Some
|cost, .| > 0.6 :
:1-:)- -
! S—— 1
X —— t
3'.’):- —
: ........... {! 4. 9 |e)eccssssensd :
L | ; l A
20F : | i
1:) .............. —-:
o SRR - 1 L1 -]
1 0.5 0 0.5 1
COS()x
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X(3872) looks like a loosely bound D" D*® molecule
predicted by N.A. Térnqvist: Z Phys C 61, 525 (1994)

DO —

Babar (J/y ® K)

BaBar B | .
BaBar B
LHCb
Belle
CDF
PDG 2012: 3871.68 £ 0.17

M(D")+M(D")

3867 3868 3869 3870 3871 3872 3873 3874 3875
X(3872) mass [MeV/c]

D°-D"° “molecule”

... but might have a small cc admixture.

Tetraquark model is unlikely.
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7(4430) is definitely not charmonium: it is charged.

RE 100, 142001 (2008)
K Z(4430)

- Vetoed the
i K* and K**
. bands

Seen by Bellein B — K (¢/'7™) 38 405 43 455 4.

Not seen by |

BAI

BAR although their data are compatible with

Belle’s. “Artifact due to interference from K* resonances?”

16



Belle update: Z(4430)+ still 50 in full Dalitz analysis
with interference and excited K** resonances

arXiv: 1306.4894, submitted to PRD

MP(v’x) < 19 GeVrc? 0.996 GeVic® < M(K.x) < 1.332 GeVic®

ot Z(4430)T J D>

Events / 0.046 GeVZ/ic*
Events / 0.17 GeV</ic?

1516 17 18 19 20 21 22 53

MQ(w ) (GeVz/c )

= 1* Is favoured over O~ at the 2.90 level. All other
assignments are ruled out with over 4.30 significance.

BABAR has been unable to confirm this state.
No reports from LHCb, CDF, etc... yet.

17



Another charged charmonium-like state / 3

Z(3900)+ seen by Belle and BESII 1 .~
in Y (4260) — 7 tn~ J /4 7(3900)* 7~ .

y%()) /\.L

PRL 110, 252002 (2013) PRL 110,252001 (2013)

- 100 e —4- Data
N i_ ,Ozl-a:[a NO - — Total fit
S — Beckground > sk S > 8o ks
© o PHSPC < E [77] sideband
S [77] sideband 5 60 - +
2 D> =2
[%) @ L 40 L
CICD ._ \ BELLE qc) :
Lﬁ RN \\\ |..|.>..| 20 E

0 3.7 3.8 3.9 4 4.1 4.2 g 3.7 3.8 3.9 4
M, (/) (GeV/c?) M ax (/W) (GeV/c?)

(3899.0 + 3.6 = 4.9) MeV
(46 + 10 £ 20) MeV 18

M = (3894.5 + 6.6 + 4.5) MeV M
I' = (63 + 24 +26) MeV r
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Dalitz plot and projections for Z(3900)+

PRL 110,252002 (2013) 2
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o (mb)

T T T

| €1@s) where -
Moving up in energy Jf|' B factories run.

. A 55/10860 |
to bottomonium ... ® 38" ) }mzu |
|

he o Ao -
] BN +j H"""f:#
v(s) Y - wf l W7 10.9 N1
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6 | _
- T, -
-7 ’4‘%._4+%/ \_\ —
= =
- "3
-3 i | I | | I O | | I I | |
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Y (55) has anomalously high rates to Y(1.5),

Y (25),and T(35)

5

PRL 100, 112001 (2008) [MeV) S
T(55) — Y(1S)7T7~ 0.59 4 0.04 4 0.09
T(55) — Y(2S)rT7n~ 0.85+0.07+£0.16
T(55) — Y(3S)rT7x~ 0.52F37 £0.10 =2 orders of

ooy v~/ Aap— magnitude
T(zg) — T(--;)“ T 0.0060 areater
T(3S) — Y(19)7n 0.0009 x
T(4S) — Y(1S)r 7 0.0019

Perhaps the “Y'(55)” is an admixture of bb and the

Yy ... the counterpart of Y(4260) in charmonium.
Anyway, let’s do something useful with this “Y(55)”.

21



Look for h; and hy(2P) in T(5S) — 77~ (anything)

11.00L Y(11020)
: Y(10860)

10.25 |

Mass (GeV/c?)
S

9.75
Bottomonium
050 | family
I ¢~ ot T 1=~ 1+ (0,1,2)** (1,2,3)""
- L =0 0 1 1 2

22



Use missing-mass technique to find i, and h(2P)
since there aren’t any useful hy final states

MM (nt) = /(B2 — E* )2 — (p* )2 T(2S)  Y(3S)

X102 7(19) ho(1P) . Ty (2P)
1400 |~ PRL 108, 032001 (2012) | A

1200 |

1000 |

Events / 1 MeV/c?

800

'95' 9.75 10 -m25 10.5
MM(rt*r), GeV/c? 23



Use missing-mass technique to find h; and hy(2P)
+

T (55) ™
Ty (nP) %onsfruc’red
inferred -

T

PRL 108,032001 (2012)

%)
émooof—&ié T(?S) hy(2P) f’
% 300005— T(1S) hb(;“D) ) ‘ &\
T - : = I&
| ) . 7 .
20000 | 2 ' Y(35)
100005— | r* ;T(l[)) n
o b e Lol | W|_| H| m
R ALY .I'WL UL 'J'IM. i
9.4 9.6 9.8 10 10.2 04
after background subtraction MM ("), GeV/c
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The width of Y(5S) — hy(nP)n ™7~ is unusually
large, given the spin flip of a b quark

bb @ @bb

5S ) — hp( nP) ] B 0.46 = 0.08 £
) — T(25) W*?T | ] 0.77+0.08 +

b5® @bb

It should be suppressed as ~ (Aqcp/ms)°
= something unusual here ...

for hb(].P)
for hb(2P)

—h = O

oo o0
NN N

25



Y(5S) — hy(nP)n ™7~ proceeds via 2 resonances!

® @ pre 10, 122001 (2012) 006
© o000k D v L y7500f D '
= =

10000 |  BELLE H BELLE _
o : 2 :
E 80005- hb(1P)7T7T 5125005_ hb(QP)WW I ]
§ 5000k y|e|d §10000§‘ y|e|d ol | ﬂ;
" 4000f j e "
2000k + + + 5000 . +
ok %%NI {'Al e 2500¢ |
-2000 iﬁ” | TT ﬁ IIIIII N ¥‘

1 ] 1 1 1 L
10.4 10.5 10.6 10.7 10.4 10.5 10.6 10.7

M, (1p)r = M), GeV/c? Mp, 2Py = Myes(), GeVic®
M; = 10605 + 2 + 3 MeV <= M =10599+ o+ 2 MeV
[ =11.4 433+ 53 MeV [ =134+5°+27MeV
My = 10654 4+ 3 4+ 5 MeV < My = 10651 & 5 & 3 MeV
Iy =209+ 35 +27MeV [, =19+7+7 MeV



T(5 — T T Pro d 3 O
S) Pt
two | mh
INter b(n
edi ) .
late exoti o
otic s’ca’cee i
o one
1 and f
7 77T
b2

Y (55)
:““ X
Z;

spin—flip
Zy

sU
ppressed
Q\W+W_

Jre
p— ]___
Jre
— 1T
Jr
— 17"
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The same intermediate states ’f/m‘@
appear in T(55) — T(nS)r 7~ - ,/ g

PRL 108, 122001 (2012)
Y(5S) > Y(1S)rtm

W o T I e v Lo
q|0.1 10.2 10.3 104 105 106 10.7 10.8

MY (1S)7),, a5

M=10611+4+3 MeV
Zp1 '=22.3+7.7+4.0 MeV

M=10657+6+3 MeV

/
b2 1=16.349.8+6.0 MeV

-

Y(5S) >Y(2S)n*n Y(SS) —>Y(3S)Tc m
80 Frr T T 120 prrrrrr AL T (D
5qu | 5 <>
T BELLE o E 80 =
i _ | } | | | E 605 __
405— + { " I + | III '| —E 4O§ é
20 — | HH * — 20; J
th:|_4 +‘|o45 1|;:5 1055 105( 101'6'5”" EI-: 10_7 19]58 10.6 1062 1064 1066 1068 10.7 10.72 10-74
M(Y(2S)$T[)maX M(Y(gs)ﬂ)max
M=10609+2+3 MeV M=106081+2+3 MeV
1'=24.2+3.1+3.0 MeV I'=17.613.0+3.0 MeV
M=10651+2+3 MeV M=10652+1+2 MeV

'=13.3+3.3+4.0 MeV I'=8.4+2.0+2.0 MeV



Belle obtains consistent mass and width
of Z,  in all 5 measurements.

. P :
Angular analysis prefers J© =17. ®_ .
-%m % D
c  Z,(10610) £ 7,(10650) e °F
Y(1S)n' + —— —-— -
Y(2S)n' | —e— —— —~- '
YRSt -q— _._ _._ _,_
h,(1P)n' —— —— e .
h(2P)t'n  f—e— ! . —er o .
! ! ! ! €
Average + - + —- ”_
B T T R T B T R Ty R R TV R T, R R TR
AM, MeV AT, MeV AM, MeV Al', MeV
2, (10610) 2, (10650)
M=10607.21+2.0 MeV M=10652.2+1.5 MeV
['=18.412.4 MeV I'=11.5+2.2 MeV

PRL 108, 122001 (2012)



Perhaps these are B B* and B* B* molecules

/@f‘

+ L)
Z; (10610) (.%

B-B* “molecule”

Mz, (10610) — (Mp + Mp~)

= 2.7 1

- 1.8 MeV

B*-B* “molecule”

Mz, (10650) — 2

M p+

= +2.0 =

- 1.8 MeV
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Z,- was discovered in hy -

prefers to decay to B*) B*

Assuming Z;, decays to Y (nS)m, hy(mP)r and B*) B* only:

-and then Y 7

- but it

Channel B of Z,(10610), % | B of Z,(10650), %
Y(19)r+ 0.32 + 0.09 0.24 + 0.07
T(QS)T(‘+ 4.38 £ 1.21 2.40 £ 0.63
T(SS)T(‘+ 2.15 £ 0.50 1.64 = 0.40
hy(1P) 7+ 2.81 4 1.10 7.43 4 2.70
hy(2P) 7 4.34 + 2.07 14.8 + 6.22
B*B 4+ BB | [ 86.0+3.6 ) -

B*t B*Y — 73.44+7.0

BELLE

arXiv: 1209.6450
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Events/ 10 MeV/c?

The neutral partner, Z;'(10610), is also seen by Belle
in Y(55) = Y (nS)7"7"

[$)]
o
T

2]
o

5
o
L L

arXiv: 1308.2646, submitted to PRD

T(nS) — ete” . T(25) — T(1S)7m
£ Y (25) Ll
g rs) | | y N reflection
105— \\ NL' ( 45_
LY it g ffw%WZWM;H.
9 92 94 96 938 1“:') 1(02)1(()34\,/106 9 92 94 96 9.8 1“:') 1(02)124\,/106 9.9 10 10.1 10.2M(YTC+1;_.)3:Gew(1:2.4
olete” — Y (2S)n7"] = (1.87 £0.11 £ 0.23) pb
olete™ — Y (1S)7°7"] = (1.16 £ 0.06 £ 0.10) pb
oleTe” — Y(3S)m7"] = (0.98 + 0.24 £+ 0.15) pb

.. consistent with half of olete™ — Y(nS)7 7] 4



Select Y (nS) candidates and form Y (nS)7m~ combos

o o=

%!
[
T

]

T
0%
3%
R
1

X
2

S
5%

0
R3S

R R R R R R R R R R AR

10.3 104 105
M(Y(1S)m)

10.2

%3

GeV/c2

max/

Z,)(16010) :

Z;) (10650

35

30

25

20

15

10

arXiv: 1308.2646, submitted to PRD

B BELLE . L ‘l

@
'\
'\
m

- -o—o-

v.v""":.

0 1111 3
] 10.58 10.6 10.62 10.64 10.66 10.68 10.7 10.72 10.7¢

R
= P RIS ST RARIRKSS %5 - 0 2
B 000 R R R R0 IIIIIIIHIIIIKIHAIIKINNS KRR
o SRS T S seet - ’
P BSIIRLEIK] B e S e o e ot ot e max
ol 2 0% Yt ote! ]

10.55 10.65

M(Y (2S)m)

10.6

max/’/

= 0.0
mass)

1060 MeV
(consistent with Z:-(10610

not statistically significant .



Our high yield of h,(nP) lets us study the 7, (nS)
states via E1 transitions hy(nP) — v 73(nS)
PRL 109,232002 (2012)

- ho(1P) = p(15) qh

~ -k
(6 o

on

m(1S) was first seen by BABAR :
PRL 101,071801 (2008) and
PRL 103, 161801 (2009)

Ay
tn

I

“Rediscovered” by Belle w

Mo

—
T 1 T 1

hy(2P) yield, 10° / 10 MeV/ic®>  h,(1P) yield, 10°/ 10 MeV/c?®
o

o




Our high yield of h,(nP) lets us study the 7, (nS)
states via E1 transitions hy(nP) — v 73(nS)

Belle sees the 17,(2S)

. PRL 109, 232002 (2012)
= |
2L hp(2P) — ymp(25) H
E i IJ
m; o0 -
5 | = S =420 . *
= 10 BELLE [
5 "l S
= | bbbt T

0 L L ¢, + o b o e Do o a b wa b gy

9.7 9.8 9.9 10 10.1

M{es( y), GeV/c?

M,, 25y = (9999.0 & 3.5 &+ 1:5) MeV
B[hb(QP) — 775(25)] = (47.5 + 10.b £+ gg)%
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The claim of Dobbs et al of a new state X;;,(9975) is
iInconsistent with Belle’s analysis using same method
arXiv: 1306.6212, accepted by PRL

Dobbs et al analysis of CLEO data 300
PRL 109,082001 (2012) = [
2l % 250
5 4 Y (2S) >
= ; 3 (9 200
= .bJ 52
E i 145 fb_l 8 150 bb 0.035 004 0045 005 0055 008 0065
3l . =
: gﬂmn . Ll :-ﬁ 100} l f Xb3 1
O 50 100 150 200 250 300 @ = ¥ 247 fb
AM (MeV) u:j sl _ |
M (Xpp) = (9974.6 + 2.3 £2.1) MeV g &
U e S T T 0.95 0.3

A M (GeV/c?)

26 hadronic

final states BIY(25) = 16(25)7 ZB 7(25) = fi]

Dobbs et al: (46.2 + 325 + 10.6) x 107°

Belle: < 4.9x107°%° @ 90% CL .




Summary

* The properties of the X(3872) are consistent with a
DD™ S-wave molecular state, perhaps admixed with cc .
Its charged and C-odd neutral partners are not seen.

e Charmonium 7 (:13D2) has been observed

* Charged charmonium-like states Z(4430)" and Z(3900)*
( |ccud)) have been reaffirmed/observed

* The T(5S5) decays to hb(nP)mr and T(nS)mr via one
of two exotic states, Z, (10610)and Z, (10650), i.
bbud), that appear to be B™) B* S-wave molecular
states at or near threshold. These Z;~ states prefer to

decay to B"*) B*.

* The neutral partner, Z;(16010), has been observed.
* The X»(9975) claim by Dobbs et al is refuted.
* See Peter Krizan’s talk tomorrow for more Belle results. %







X (3872) — J/v v determines C' = +1 assignment

* First seen by Belle in 2005. Here, with full data set:

PRL 107,091803 (201 I)
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B(BT — KtX) x B(X — J/¢~) = (1.84+0.5) x 107°
¢f BaBar (2.8 +0.8) x 107° PRL 102, 132001 (2009)




X (3872) decays to p.J/v: dipion mass is consistent
with p — 777 ;also, C(nm) = C(X)/C(J/v) = —1
matches C-parity of the p.

PRD 84, 052004 (201 1)
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cc — pJ /1 wouldn’t conserve isospin, so this
disfavors X = cc interpretation.



Belle’s angular analysis prefers ,
JPC=1**but 27t notruled out, @\
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X (3872) — 1)’ v is not seen by Belle = admixture of
c¢ with DY D*® molecule is small

PRL 107,091803 (201 1)
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h,(1,2P)
(bb) : S=0L=1 JPC=1+"

Expected mass
~ (Mo + 3 My, +5 My,) /9

AMy = test of hyperfine interaction

Deviations from CoG of )(,,, masses

h,(1P) (1.6 % 1.5) MeV/c? }

hp(2P)  (0.5710) MeV/c?

Agrees with expectations

9.4 n,(1S)

Spin and Orbital Angular Momentum



Repeat for Y(55) — Y (nS)r"7~ : form Dalitz
distributions of M*(Yn) versus M?*(xr), discard
background, then project onto vertical axis

9.43 GeV <MM(r*m) < 9.48 GeV 10.05 GeV <MM(mt*r) < 10.10 GeV 10.33 GeV <MM(7t*r) < 10.38 GeV
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To exclude contamination from gamma conversions we require:

M?*(sttw) > 0.20 GeV? M?(stor) > 0.16 GeV® M?*(sttow) > 0.10 GeV?
PRL 108, 122001 (2012)



Angular anaIyS|s orefers J© = 1T for both Z, states
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